A novel procedure for the synthesis of isoxazolin-5-one glycosides starting from unprotected carbohydrates is described. The substrate scope of the one-pot synthetic protocol was explored using D-configured glucose, xylose, maltose, fructose, ribose and 2-deoxyribose. Naturally occurring 2-(β-Dglucopyranosyl)-3-isoxazolin-5-one and four novel isoxazolin-5-one glycosides derived from xylose, maltose and fructose were synthesized and purified by flash chromatography. The compounds were characterized in terms of chemical structure, photophysical properties as well as pH stability. The photohydrolysis rates of the synthesized glycosides were compared with uridine as a standard to determine the quantum yields for the photoreactions in water.
Introduction
Isoxazolin-5-one derivatives of glucose, β-aminopropionitrile and amino acids occur as secondary metabolites in different plant-and insect families. 1-14 2-(β-D-Glucopyranosyl)-3-isoxazolin-5-one (1) is one of the major components of the defensive secretions of diverse leaf beetle species (Chrysomelina). 7, [10] [11] [12] [13] Seedlings of a variety of plants within the legume family (Fabaceae) contain high amounts of this compound during development and growth. [1] [2] [3] [4] [5] It is described that 3-unsubstituted isoxazolin-5-one derivatives show rapid hydrolysis under neutral conditions upon exposure to low intense UV light. 1, 3, 8 Consequently, UV irradiation corresponding to the absorption band of isoxazolin-5-one glucoside 1 results in the release of free D-glucose (Scheme 1). 1, 3 The mechanism and the efficiency of the isoxazolin-5-one decomposition in aqueous solution was studied in case of plant metabolites that derive from amino acids as well as β-aminopropionitrile. 8 Due to a lack of synthetic access, the quantum yield of the decomposition process in glucosides and the efficiency of the sugar release have not been determined so far. Furthermore, the synthesis of other isoxazolin-5-one glycosides has not been described.
Different approaches for the synthesis of glucoside 1 based on the Koenigs-Knorr substitution and a cascade reaction have previously been reported. 3, 15 Both methods depend on protection and deprotection of the hydroxyl functions in the sugar moiety using acetate esters or benzyl ethers.
In order to study the efficiency of its photoactivity and to explore its biological activity we required significant amounts of compound 1 and have developed an alternative direct synthetic route starting from D-glucose. Applying our novel synthetic approach we introduced the isoxazolin-5-one moiety into common carbohydrates to study its suitability as a general photoactive group for the release of sugars from anomericprotected precursors.
Results and discussion

Synthesis
The novel synthetic protocol is based on a two-step one-pot strategy starting with the reaction of an unprotected carbohydrate with a free anomeric position and hydroxylamine that is freshly produced from the hydrochloride. 16 Then, the solvent is removed and water is added. Propynoic acid and DCC, both in MeCN, are added simultaneously at rt to the aqueous solution (Scheme 2). 17 This counterintuitive procedure results in quantitative chemoselective acylation of the N-hydroxy function without the need for an additional esterification catalyst. Furthermore, it allows a simple and complete separation of the sugar derivatives from the water insoluble side product 1,3-dicyclohexylurea (DCU) via aqueous extraction of the dried crude mixture.
The 1 H NMR spectrum of a typical reaction mixture using D-glucose (Glc) reveals the formation of the free sugar as the main product upon hydrolysis in the aqueous reaction medium (Fig. 1 ). The signals corresponding to the isoxazolin-5-one glucoside display the second highest intensity and show that the β-isomer is formed selectively (β/α is ca. 16 : 1). The total isolated yield of 2-(β-D-glucopyranosyl)-3-isoxazolin-5-one (1) is in the range of previous reported syntheses (here: 22%, lit. 15 : 21%). The time that is needed for the synthesis and isolation of the isoxazolin-5-one glucoside is reduced from several days to hours. 3, 4, 15 The β/α-selectivity for the formation of analogous isoxazolin-5-one xylosides 2 is 4 : 1. For the corresponding maltosides 3 a ratio of 12 : 1 was determined. In case of fructose an anomeric mixture of the furanosides 4 and 5 in a ratio of ca. 1 : 1 was obtained. The isoxazolin-5-one ribosides and (2-deoxy)ribosides were not isolated due to product yields of less than 5% as shown by 1 H NMR measurements.
The product scope and observed β-selectivities can be understood considering the result of the condensation reaction with hydroxylamine (first step) as well as kinetic effects. In case of glucose and maltose the formation of the corresponding open chain (methanol soluble) aldoxime is the first step, followed by the crystallization of the β-N-pyranosylhydroxylamine in quantitative yield. 16, 18 This observation explains the high selectivity of the βover the α-anomer in case of isoxazolin-5-one glycosides derived from glucose and maltose (Scheme 3, right side).
In contrast, xylose and fructose form open chain oximes after addition of hydroxylamine in methanol almost exclusively. 16 Thus, a low stereoselectivity in the formation of isoxazolin-5-one glycosides derived from fructose and xylose is observed (Scheme 3, left side). In case of ribose the 1 H NMR spectra show that the crystalline reaction product of the condensation reaction mainly consists of the open chain oximes, too. 1 H NMR analysis of the reaction mixtures of ribose and 2-deoxyribose show that after acylation with propynoic acid the hydrolysis reaction is predominant (Scheme 4).
Due to the cis-configuration of the substituents in ribopyranosides and -furanosides we conclude that the formation of isoxazolin-5-one ribosides is kinetically disfavored against the hydrolysis reaction in the aqueous medium. This holds true for the formation of 2-deoxyribopyranosides. However, the analogous 2-deoxyribofuranosides were also not observed in adequate yields.
The purification of the isoxazolin-5-one glycosides was accomplished by low pressure flash chromatography 19 using MeCN-H 2 O eluents. Due to the low solubility of the glycosides in the applied solvent mixtures, the crude mixture was extracted with water. The extract was concentrated after addition of acetonitrile onto a small amount of dry silica. The dry silica adsorbed mixture was then applied to the column and eluted. 20 The isolated products were analyzed by NMR-, HRMS-, IR-, UV-as well as optical rotation measurements.
The IR spectra of compounds 1-5 show absorptions centered at 1718-1696 cm −1 (ν CvO ), 1536-1553 cm −1 (ν CvC ) and 1038-1069 cm −1 (ν C-O ) being characteristic for isoxazolin-5-one glycosides. 3, 15 The 1 H NMR spectra of compounds 1-5 show doublet signals with typical chemical shifts and coupling con- . All of these data are in excellent agreement with previous reported results for N-fructofuranosides. [21] [22] [23] Having access to isoxazolin-5-one glycosides we studied their pH dependent stability 1, 3, 4 as well as the stability of compound 1 against β-glucosidase. 1 H NMR and UV measurements of solutions of compound 1 in D 2 O showed that the N-glycosidic moiety is inert in a range of 7 ≥ pH ≥ 0 at rt, which is untypical for many kinds of glycosidic bonds. The π-conjugation in the aromatic isoxazolin-5-one ring reduces the basicity of the free electron pair of the nitrogen atom and thus the stability against electrophilic attack is increased. Consequently, β-glucosidase from almonds could not cleave the N-glycosidic bond in compound 1 at pH = 5 and rt due to its catalytic mechanism. 24 In contrast, the absorption band disappears rapidly at pH > 7. The decay rates increase with ascending pH (see ESI, Fig. S2 †) . 1 H NMR spectra in D 2 O show that the N-glycosidic bond is inert at pH > 7 while the double bond signals H-3 and H-4 disappear due to a β-addition of an hydroxyl anion to the α,β-unsaturated carbonyl structure. After re-acidification the N-glycosidic bond is cleaved and the free sugar is formed as expected due to the increased basicity of the lone electron pair of the nitrogen atom.
Photophysical properties
All of the novel glycosides show molar extinction coefficients around 10 800 M −1 cm −1 at wavelengths of maximum extinction between 260 and 266 nm ( Table 1) . Upon irradiation with a low intense UV lamp (λ max = 254 nm) 1 H NMR studies in D 2 O show a quantitative decay of the glycosides releasing the sugar from which they were derived. The quantum yield of this photohydrolysis reaction was determined by comparison of the decomposition kinetics of the isolated compounds 1-5 with uridine (U) as a standard. Equally concentrated solutions of the glycosides were placed in a cuvette and irradiated with a weak UV lamp. Simultaneously the absorbances of the solutions have been measured over the time. The intensity of the light source was determined (Fig. 2) . The first five minutes without illumination show a constant absorption with no significant change in case of all glycosides. After starting the irradiation with the low intense UV lamp all of the curves show a decrease in absorbance that is significantly faster compared to the decay of uridine (U) under the same conditions. The slopes of the curves at the beginning of the irradiation were determined. Via comparison with the standard the quantum yields of the photoreactions were calculated (see Experimental section). The determined quantum yields lie in a range of 0.275 to 0.327 (Table 1) .
These values are in the same order of magnitude as those reported for quantum yields of naturally occurring amino acid derivatives of isoxazolin-5-one (0.5). 8 Thus, the described compounds 1-5 show a rapid and very efficient release of their corresponding free sugars at room temperature upon irradiation with very weak UV light.
Conclusion
A novel synthetic protocol has been developed for the synthesis of isoxazolin-5-one glycosides that does not depend on the use of protecting groups. The reaction was successfully applied to glucose, xylose, maltose and fructose to afford the corresponding glycosides 1-5. Although this one-pot strategy gives only low yields, it can be used to provide rapidly a significant amount of the described glycosides. The product scope and selectivity of the reaction have been discussed. The main products were isolated and characterized in terms of their chemical structure, stability and photophysical properties. High quantum yields of the photohydrolysis reactions have been observed. As a consequence of the described photolability as well as the stability against low pH and enzymatic hydrolysis, we conclude that the isoxazolin-5-one moiety provides potential for the use as a photoactive and bioorthogonal protecting group for the anomeric position in glycosides.
Experimental section
General Melting points were determined with a capillary melting point apparatus. Infrared spectra were measured with an IR spectrometer in a range of 700-4000 cm −1 in transmission mode with a spectral resolution of 6 cm −1 . Optical rotations were measured at 589 nm in water (temperatures are given). NMR spectra were measured using a spectrometer operating at 400 MHz ( 1 H) and 100 MHz ( 13 C). Chemical shifts (δ) are quoted in parts per million ( ppm) and are referenced to the signal of residual protonated solvent (HDO at δ 4.79 ppm). Acetonitrile was added as a reference for 13 C NMR spectra in D 2 O. Assignment of peaks was carried out using 2D NMR experiments (COSY, HSQC, and HMBC). The multiplicities are given as follows: d, doublet; dd, doublet of doublets; m, multiplet. High-resolution mass spectra were recorded on a UHR-qTOF mass spectrometer.
The columns for preparative chromatography were packed by pouring a suspension of silica gel (0.03-0.063 mm) in the eluent into the column containing 40 ml of the eluent. When the sedimentation process was completed the column was opened and additional pressure was slowly increased up to 1.2 bar. The column was washed with 300 ml of solvent before adding the silica-adsorbed mixture. The separations were carried out at 1.1 bar additional pressure.
Thin-layer chromatography was performed on TLC silica gel 60 F254 aluminum sheets. Compounds were visualized using an UV lamp with a maximum emission at 254 nm. All reagents and solvents were purchased in the highest purity that was commercially available and used without further purification.
Photophysical measurements
Absorptions were recorded on a UV spectrophotometer with a spectral resolution of 2 nm at 261 nm and room temperature. Quantum yields and photon flux were determined by using commercially available uridine (99%) as a chemical actinometer according to eqn (1) . 8, 25 The accuracies were estimated using eqn (2) . The intensity of the UV lamp was determined applying eqn (3) . λ = wavelength (261 nm), I = intensity in W cm −2 and ΔX = the standard deviation of X. The substrates were dissolved in a buffer (Na 2 HPO 4 -NaH 2 PO 4 ; 50 mM) at pH 7 in a concentration of (3.5 ± 0.2) × 10 −5 M. The total volume of the solution was (1.63 ± 0.03) ml. A UV lamp (λ max = 254 nm, 6 W) was used for the illumination. The cuvette (d = 1 cm) was irradiated vertically to the measurement geometry at a distance (d lamp ) of 5 cm. The solution was stirred via magnetic induction. The absorption at a wavelength of 261 nm was measured time dependently and simultaneously to irradiation and stirring. The observed molar extinction coefficients are in excellent agreement with the literature results. [1] [2] [3] [4] 6, 8, 15, 26 General synthetic procedure
To a stirred solution of 209 mg (3 mmol, 1.5 eq.) hydroxylamine hydrochloride in 2 ml dry methanol 314 mg (2.8 mmol, 1.4 eq.) potassium tert-butoxide were added in portions at 0°C under stirring. After 1 h at rt the solution was filtered under vacuum, washed with 1 ml of dry methanol and 2 mmol sugar were added. After 1 d of stirring at rt the solvent was removed under reduced pressure at 40°C. The dry residue was dissolved in 1 ml of water. Under stirring 0.5 ml of a freshly prepared solution of DCC in MeCN (c = 0.4 M, 0.1 eq.) was added at once. Then further 7 ml of DCC in MeCN (c = 0.4 M, 1.4 eq.) and 7 ml of propynoic acid in MeCN (c = 0.42 M, 1.47 eq.) were added simultaneously at rt over 5 h. After 20 h of stirring at rt the solvents were removed at 25°C under reduced pressure. The mixture was taken up in 10 ml of water and applied to an ultrasound bath for 1 h at 22-27°C. The suspension was filtrated and washed with water (3 × 5 ml). To the filtrate 150 ml of MeCN were added and the solvents were removed at 25°C and 75 mbar. Then 1.25 g of dry silica and 150 ml MeCN were added. The solvents were removed again at 25°C and 75 mbar to yield a dry crude mixture. Column chromatography and analytical data of 2-(β-D-glucopyranosyl)-3-isoxazolin-5-one (1): The dry mixture was applied to a column and eluted (MeCN-H 2 O 55 : 1, silica). The product fractions were combined and concentrated to yield 109 mg (0.44 mmol, 22%) of 1 as a colorless powder.
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